INTRODUCTION
Gallid herpesvirus 2 (GaHV-2) or Marek's disease virus 1 (MDV-1) is an oncogenic alphaherpesvirus responsible for T-cell lymphoma in chicken. Like human oncogenic gammaherpesviruses, MDV replicates in lymphocytes, epithelial and fibroblastic cells, and establishes latency in T cells, which undergo a process of transformation mediated in part by the viral oncogene MEQ, a transcription factor of the bZIP family that transactivates both viral and cellular genes (Jones et al., 1992) . In MDV-induced lymphoma cells, the viral genome is integrated into the genome of the cell, and viral non-coding RNAs, including the long non-coding RNA LAT (latency associated transcript) and microRNAs, are strongly expressed, whereas lytic viral genes are repressed (Kaufer et al., 2011; Nair, 2013) . During the replication cycle, which can also be initiated after reactivation of the virus in lymphoma cells, the viral genes are expressed in a tightly regulated temporal cascade, beginning with immediate early (IE) genes encoding transcription regulators required for expression of the viral early (E) genes, which are generally involved in viral DNA metabolism and replication, and late (L) genes encoding structural and other proteins involved in the assembly of viral particles.
In MDV, both histones and DNA methylation are involved in epigenetic regulation of the viral genome during latency, and extensive methylation has been observed over the repeated regions of the genome (R L and R S ), with the exception of the active promoter regions close to the miRNA clusters, the meq gene, the vTR (viral telomerase RNA) region, and the LAT gene (Brown et al., 2012) .
The mechanism of IE gene expression in MDV is poorly documented. Conversely, in the well-studied alphaherpesvirus HSV-1, the viral tegument protein VP16 has been shown to control transcription from IE gene promoters, through a specific TAATGARAT sequence or VP16-response elements (VRE). However, the transactivation of the IE genes of MDV remains unclear. Particularly, as the VP16 protein has been shown to be non-essential for viral replication in cell culture, it has not been detected during MDV infection in chicken embryonic cells or following MDV reactivation from latently infected cells (Dorange et al., 2000 (Dorange et al., , 2002 .
The three IE genes of the MDV genome, ICP4, ICP22 and ICP27, are common to the other alphaherpesvirus (Ren et al., 1994; Schat & Nair, 2008) . ICP27 is the only IE gene also conserved in the beta and gamma subfamilies. Proteins homologous to ICP27 have been reported to interfere with post-transcriptional gene regulation (Sandri-Goldin, 2011) . These proteins have a number of properties in common, such as nucleocytoplasmic shuttling activity, an RNA-binding domain and a capacity to interact with cellular mRNA export and splicing factors (Ote et al., 2010) . We have shown that the ICP27 of GaHV-2 is present predominantly within specific structures in the nucleus, in which it co-localizes and interacts with SR splicing proteins (Amor et al., 2011) . We have also shown that ICP27 is down-regulated by the viral microRNA mdv1-miR-M7-5p, which is preferentially expressed during latency (Strassheim et al., 2012) . No precise information about the regulation of ICP27 transcription is currently available, but the ICP27 gene (UL54) has been detected at the 3¢ end of the unique long (UL) region of the MDV genome, and a putative promoter, including TAAT-GARAT sequences and TATA boxes, has been shown to be active (Kato et al., 2002; Ren et al., 1994) . Two types of RNA encompassing the ICP27 gene have been described: a specific monocistronic transcript and a bicistronic transcript combining ICP27 and the mRNA for an upstream gene (UL53) encoding glycoprotein K (Ren et al., 1994) . The gK gene of alphaherpesviruses has been described as a true-late (g2) gene encoding a protein facilitating viral particle release (Johnson & Baines, 2011) . However, the gK gene of MDV has, unexpectedly, been shown to be an IE gene (Ren et al., 1994) . Like its homologues, the gK gene is essential for normal MDV growth (Osterrieder & Vautherot, 2004) .
We report here the identification of a new mechanism of regulation for transcription of the ICP27 gene of MDV by alternative promoter usage involving the promoters of the ICP27 gene and the upstream gene gK and leading to expression of the native form of ICP27 and a truncated isoform, ICP27DN, respectively. ICP27 co-localized with SR proteins, but with a diffuse appearance different from that of ICP27. We also characterized the architecture of the two promoters and determined their CpG methylation status during replicative and latent infections.
RESULTS
Marek's disease virus ICP27 transcripts are generated from two different promoters
The 1000 nt upstream from the first ATG of the ICP27 ORF have been previously recognized as an active promoter region, and three consensus poly(A) signals have been predicted, from 71 to 85 nt downstream from the 3¢ end of the ORF (Kato et al., 2002; Ren et al., 1994; Spatz et al., 2007) (Fig. 1a) . We identified the ends of the ICP27 gene accurately, by carrying out 5¢-and 3¢-RACE PCR with total RNA from native MSB-1 cells derived from a lymphoma induced by GaHV2, corresponding to a latently infected cell line from MSB-1 cells treated with n-butyrate that induced reactivation of the latent virus, and finally from chicken embryo fibroblasts (CEFs) infected with the MDV RB-1B virus strain. By 3¢-RACE PCR with the A479 primer which binds 106 nt upstream from the ICP27 stop codon, we identified a single 3¢ end at nt 12 1166 of the RB-1B genome (GenBank accession no. EF523390.1), located less than 30 nt upstream of the cluster of three polyA signals and generating a 3¢-UTR of 101 nt (Fig. 1b) . By 5¢-RACE PCR with the A377 primer binding 204 nt downstream from the first ATG of ICP27, we identified two different transcription start sites (TSSs): a proximal TSS (pTSS) and a distal TSS (dTSS) located 58 and 1332 nt, respectively, upstream from the ATG (Fig. 1c) . The dTSS, within an initiator element (Inr) (TTATTTG), led to a spliced ICP27 transcript (sICP27), defining a 1373 nt intron (Fig. 1c) . ORF prediction for sICP27 suggested that a 35 aa truncated ICP27 isoform (ICP27DN) would be generated, initiated from the fourth in-frame ATG of the ICP27 ORF. The ICP27 and sICP27 transcripts were detected with almost equal frequency by RACE PCR in the untreated MSB-1 cell line and in RB-1B-infected CEFs, whereas only the ICP27 transcript was detected in reactivated MSB-1 cells (Fig. 1c) .
We showed, by 5¢-RACE PCR with the gK-specific A310 primer, that dTSS, located 121 nt upstream from the ATG start codon of the UL53 gene, was also the TSS of this gene encoding glycoprotein K (gK) (Fig. 1d) . By PCR on cDNA from RB-1B-infected CEFs with the A401 and B065 primers binding just downstream from the dTSS, and just upstream from the polyA signal region of ICP27, respectively, we detected the 2816 nt gK transcript and the 1406 nt sICP27 transcript, thereby confirming that dTSS was the TSS for both the sICP27 and gK transcripts and that the gK transcript used the same poly(A) as the ICP27 transcripts (Fig. 1e) . 
Cellular distribution of ICP27 isoforms
We explored expression of the ICP27DN isoform, by inserting the corresponding predicted ORF into the pcDNA3(+) expression vector to produce pcICP27DN (Fig. 2a) . DF-1 cells were transfected with either pcICP27 (encoding the complete protein) (Amor et al., 2011) or pcICP274N. We compared the levels and cellular distributions of ICP27DN and of ICP27 by immunofluorescence staining with anti-a-ICP27 antibodies detecting both proteins or with a newly produced polyclonal guinea pig serum (a-ICP27 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] ) directed against the first 10 aa of ICP27 capable of detecting ICP27, but not ICP27DN. In pcICP27-transfected DF-1 cells, ICP27 was detected in the nucleus and in the cytoplasm with both sera and showed characteristic specific nuclear globular structures as previously described (Amor et al., 2011) (Fig. 2b ). By contrast, in pcICP27DN-transfected DF-1 cells, ICP27DN, exclusively detected by anti-a-ICP27 antibodies, as expected, was also detected in the cytoplasm and the nucleus, but had a more diffuse nuclear distribution than ICP27 (Fig. 2b) . Furthermore, the red staining of the nucleus when ICP27 and ICP27DN were ectopically expressed together in DF-1 cells seems to confirm this diffuse nuclear distribution of ICP27DN (Fig. 2b ). In addition, like ICP27, ICP27DN was co-localized with SR proteins in the nucleus, but with its specific diffuse pattern, different from that of ICP27 as shown with pcICP27-transfected DF-1 cells (Fig. 2c ).
When both sera were used to stain RB-1B-infected CEFs, co-staining was also observed in both, but again with imperfect co-localization, suggesting the expression of both ICP27DN and ICP27 forms (Fig. 2d ). In addition, co-staining of each anti-ICP27 serum with anti-SR antibodies confirmed the co-localization of both ICP27DN and ICP27 forms with SR proteins in the nucleus of infected cells (Fig. 2e ).
The activity of the pICP27 and pgK promoters differs according to replication stage
We further investigated the differential expression of ICP27, sICP27 and gK transcripts, by performing specific RT-PCRs with RNA from latently infected or reactivated MSB-1 cells and RB-1B-infected CEFs (Fig. 3a) . RB-1B-infected CEFs were used as a positive control for lytic infection. All three transcripts, ICP27, gK and sICP27, were detected in latently infected cells at a level of 0.1, 27 and 120 % of the level of RB-1B-infected CEFs, respectively, whereas as expected, the transcript of the lytic phase specific gene VP5 was not detected (Fig. 3b) . In reactivated cells, ICP27 and gK transcript levels were more than 400 times and 2.5 times higher respectively, whereas sICP27 transcript levels were 20 % lower than in latently infected cells. These results suggest that the pICP27 promoter is weakly active or inactive during latency, becoming active during the productive phase. By contrast, the gK promoter is always active, but splicing regulation leads to the preferential production of sICP27 during latency and gK during the lytic phase.
GC-box, AP1 and CREB of the ICP27 core promoter are strong responsive elements
We characterized the responsive elements (REs) of the ICP27 promoter, by defining a minimal core functional promoter based on a comparison of the transcriptional activity of the previously described 1000 nt functional promoter (pICP27-1000; Kato et al., 2002) and two 3¢-nested promoter constructs (pICP27-420 and pICP27-150), in luciferase reporter assays (Fig. 4a) . The pICP27-420 construct yielded slightly higher levels of luciferase activity than pICP27-1000 following transfection of the MSB-1 cells (+12 %) (Fig. 4a) , and pICP27-150 seemed to be inefficient, yielding very low levels of luciferase activity in MSB-1 (À79 %) cells. We therefore decreased the length of the minimal functional core promoter to that of pICP27-420 (Fig. 4a) .
In addition to the two previously predicted TAATGARAT elements (Ren et al., 1994) , in silico analysis identified seven cellular REs in the pICP27-420 sequence: three basal transcription REs (CAAT, GC and TATA boxes) located at consensus distances downstream from the pTSS and four REs (CEBP, AP1, CREB and ETS) classically implicated in the regulation of gene transcription during lymphoblastoid cell regulation and lymphomagenesis (Fig. 4b) . The nine predicted REs were mutated in the pICP27-420 core promoter construct, separately or simultaneously for the two TAAT-GARAT REs. MSB-1 cells were transfected with the mutated constructs, and the corresponding promoter activities were compared with that of the native pICP27-420 (Fig. 4b) . The reporter tests grouped the various REs responding to cellular factors into two groups (only CEBP, which had no significant efficiency, was unclassified): major REs (GC-box, AP1 and CREB REs and the TATA box), the mutation of which decreased promoter activity by 80, 60, 58 and 35 %, respectively, and minor REs, with moderate, but significantly lower levels of activity (ETS RE and CAAT box), mutations of which were associated with 28 and 19 % decreases, respectively, in luciferase activity (Fig. 4b) . The TAATGARAT elements also appeared to be functional because when both elements were simultaneously mutated, activity levels were 44 % lower (Fig. 4b) .
The P53, CREB and CAAT-box elements of the gK core promoter are strong responsive elements For identification of the gK core promoter, we inserted the 1000 nt immediately upstream from the start codon into pGL3basic to generate pgK-1000. In luciferase assays, this promoter displayed robust higher levels of activity in MSB-1 cells than the pGL3 control (Fig. 5a ). Like the pICP27 promoter, the gK core promoter was identified by generating a set of three 5¢ truncated constructs. The 750, 500 and 220 nt upstream of the start codon of the gK ORF were amplified and inserted in pGL3 vector to produce the pgK-750, pgK-500 and pgK-220 constructs, respectively. Comparisons of luciferase activity in transfected MSB-1 cells identified pgK-500 as the core gK promoter (130 % luciferase activity of and underneath the ICP27 and ICP27DN proteins. The red box indicates the antigenic region used for the production of the rabbit polyclonal anti-a-ICP27 antibodies (Amor et al., 2011) , and the green box indicates the peptide used to produce guinea pig anti-a-ICP27 1-10 antibodies (Eurogentec). (b) DF-1 cells were transfected with pcICP27 and/or pcICP27DN, as indicated on the right. Proteins were stained with a-ICP27 and a-rabbit Alexa 594 or a-ICP27 110 (indicated on the top) and a-guinea pgK-1000) (Fig. 5a ). This promoter had levels of transcriptional activity similar to those of pICP27-420 (Fig. 5b) .
In silico analysis identified various REs in the pgK-500 promoter: TATA and CAAT boxes, a p53-binding site, an Ebox, CREB, two ETS and a cluster of four GATA boxes (Fig. 5c ). These GATA boxes seemed to be the most efficient as they were the only REs identified in the stronger core promoter pgK-500 but absent from the weaker The promoter activities of mutated-RE constructs were assessed in luciferase assays on MSB-1 cells. Luciferase activities were normalized with respect to that for pICP27-420, which was set to unity. Error bars indicate the SEM for three independent experiments. *Student's t test P-value <0.05 versus pICP27-420 and ** P-value <0.01 versus pICP27-420. promoter pgK-220, and their deletion decreased luciferase activity by 70 % (Fig. 5c ). Luciferase assays in MSB-1 cells transfected with mutated-RE constructs showed that the TATA-box, both ETS REs and the E-box did not seem to be essential, as their mutation did not affect luciferase activity (Fig. 5c) . Conversely, the CAAT box, CREB and p53 REs were identified as major elements associated with the activation of transcription from the pgK promoter, with mutations of these elements associated with 57, 65 and 40 % decreases, respectively, in luciferase activity.
DNA methylation pattern of the ICP27 and gK promoters
We analysed the methylation pattern of promoters pgK-500 and pICP27-420 by bisulfite (BS) genomic sequencing analysis (BGSA) on viral genomic DNA extracted from MDV-infected cells in the three phases of the viral life cycle: MSB-1 cells (latency), MSB-1 cells treated with 5-azacytidine (reactivation phase) and RB-1B infected CEFs (lytic phase) (Fig. 6) . The pgK-500 and pICP27-420 promoters contain 16 and 9 CpG dinucleotides, respectively, that could be methylated (Fig. 6) . The pgK-500 promoter appeared to be hypomethylated at all three infection stages, with a maximum of 11 % methylated cytosine residues in latent MSB-1 cells, only 4 % after 5¢-aza treatment and 2.5 % in lytic CEF/RB-1B cells (Fig. 6a, c) . We found that pICP27-420 was hypermethylated (86 % of cytosines methylated) in latency, whereas only 32.5 % of cytosines were methylated during reactivation and the promoter appeared to be essentially unmethylated during the lytic phase (1 % of cytosines methylated) (Fig. 6b, c) .
DISCUSSION
ICP27 is one of the highly conserved proteins of the Herpesviridae family. It regulates RNA stability, splicing and nuclear export, through interactions with splicing factors, such as SR proteins, in particular (Jackson et al., 2012; Juillard et al., 2012; Sandri-Goldin, 2008) . We describe here a new mechanism by which the ICP27 expression of the oncogenic alphaherpesvirus MDV is regulated by alternative promoter usage, leading to the production of different isoforms.
We showed, by RACE PCR and RT-PCR, that the expression of the MDV ICP27 is regulated in a replication phasespecific manner, with the use of its own proximal promoter during the lytic phase, but use of the distal promoter of the upstream gene gK, during the latency phase (Fig. 4) . During latency, the transcript produced is a spliced form of ICP27 resulting from the elimination of a 1373 nt intron deleting all the gK ORF and the first 65 nt of the ICP27 ORF, thus encoding a truncated isoform of ICP27 (ICP27DN) (Fig. 1 ).
The ICP27 and gK genes of alphaherpesviruses are normally expressed during the lytic phase, as IE and L genes, respectively (Weir, 2001 ). Each class of herpesvirus genes has a different promoter structure, with complexity decreasing from IE to E to L genes (Weir, 2001) . IE promoters contained both REs responding to cellular proteins and REs responding to viral proteins.
We identified two effective TAATGARAT elements in the active promoter pICP27-420 of MDV ICP27 (Fig. 4) . However, cellular or viral transactivators involved remain to be determined, since the VP16 protein of MDV could not be the transactivator: VP16 was not detected during the cycle of infection by the virus and the deletion of its gene does not prevent viral replication (Dorange et al., 2000 (Dorange et al., , 2002 . Nevertheless, we identified three functional strong cellular REs in pICP27: an AP1, a CREB and a GC-box. Mutations of these elements decreased luciferase activity by more than 50 % (Fig. 5) . Both the AP1 and CREB REs are recognized by homo-or heterodimers of transactivators from the large b-ZIP family of transcription factors including Jun, Fos, CREB, ATF, MAF (Vinson et al., 2002) and MEQ, the major viral oncoprotein of MDV, which regulates several viral and cellular genes (Levy et al., 2003) . AP1 and CREB have already been identified in the promoter of the ICP27 homologues of VZV and KHSV; there are therefore now three herpesviruses¢ known to carry this RE (Byun et al., 2002; Rahaus & Wolff, 2003) . The GC box is common to many herpesviruses IE gene promoters (Weir, 2001 ). Collectively, our results indicate that the pICP27 of MDV could not be transactivated by the viral VP16, but contained the usual cellular REs of IE gene promoters.
The gK gene is an L gene encoding a glycoprotein specific to alphaherpesviruses and involved in efficient cell-to-cell spread, viral release and the fusion activity of the gB (Johnson & Baines, 2011) . In HSV-1, the model alphaherpesvirus, late promoters generally have one INR and one functional TATA box, but no influential REs upstream from the TATA box (Weir, 2001) . We found that the TSS of the pgK of MDV was located within a canonical INR (TTATTTG). This promoter had a non-functional TATA box, but had three other strong REs: a CAAT box and REs for p53 and CREB (Fig. 5) . The architecture of the MDV gK promoter is not consistent with a canonical late promoter, probably due to its dual activity in gK production during the lytic phase and sICP27 production during latency. Previous data identifying p53 as the essential transcription factor for the long non-coding RNA LAT (Stik et al., 2010) during latency suggest that p53 may also be an important regulator of pgK during latency, when this promoter is involved in the preferential production of sICP27.
Our 3¢-RACE PCR results indicate that all gK, sICP27 and ICP27 transcripts ended at the same polyadenylation site downstream from the ICP27 gene, suggesting that the gK transcript previously identified with an unexpected IE pattern of expression (Ren et al., 1994) might actually correspond to the sICP27 pre-mRNA. This observation could therefore indicate that, like other alphaherpesvirus gK genes, the MDV gK could be a true L gene, but with a more complex promoter allowing the expression of sICP27 during latency.
This study also provides evidence for a correlation between epigenetic marks and the alternative promoter usage regulating the production of gK and of the ICP27 and sICP27 isoforms of MDV in a phase-specific manner. The pICP27 promoter was found both methylated and weakly active or inactive during latency and demethylated and active during the lytic phase. By contrast, the gK promoter directing gK or sICP27 production during the lytic and latent phases, respectively, was systematically unmethylated (Fig. 6 ). Epigenetic regulation is the main mechanism promoting efficient lytic infection or controlling latency during the herpesvirus cycle (Knipe et al., 2013) . We report here epigenetic regulation of the usage of one promoter in the UL region, adding to previous data showing methylation of the repeat region of MDV, but an absence of methylation in active promoter regions (Brown et al., 2012) .
Finally, the alternative promoter usage mechanism described here appears to control production of the ICP27DN isoform corresponding to ICP27 lacking 35 aa from its N-terminus (Fig. 1) . It is not possible to predict the impact of this deletion because the N-terminal part of ICP27 is the part of the protein least well conserved between ICP27 homologues, the most conserved domain being located in the C-terminal part of the protein (Fig. S1 , available in the online Supplementary Material). ICP27DN was nevertheless co-localized with SR proteins when ectopically expressed in DF1 cells, but with a diffuse distribution different from that described previously for the ICP27 of MDV (Fig. 2) (Amor et al., 2011) . In addition, we observed a similar pattern of staining in reactivated MSB-1 cells, indicating that the ICP27DN and ICP27 forms were expressed together in reactivated infected cells, imperfectly localized in the specific globular structures of the native form of ICP27 (data not shown). Thus, the specific diffuse distribution of ICP27DN was observed only during the replicative phases whereas the corresponding transcript was abundant in latent MSB-1. This suggests that the levels of protein for this isoform are regulated at a later stage, probably by the microRNA MDV-1-miR-M7-5p, which we have shown to downregulate ICP27 RNA via two targets located in the 3¢ part of the gene (Strassheim et al., 2012) common to sICP27. The preliminary data presented here for the ICP27DN isoform, which will be further investigated by using specific sICP27 mutants in vivo and in vitro, suggest that its properties differ from those of ICP27, and further investigations are required to determine whether it acts as a positive or negative dominant isoform of ICP27.
METHODS
Cells. The latently infected MSB-1 cell line, derived from a lymphoma induced by MDV-1 BC1 (Akiyama et al., 1973) , was maintained in RPMI-1640 medium (Lonza). Cell reactivation was induced with 3 mM n-butyrate, as previously described (Strassheim et al., 2012) or by treatment with 5-azacytidine (5 µM), provided by Dr C. Graux and C. Decoster (CHU Mont-Godinne, Belgium). The avian fibroblast cell line DF1 (ATCC no. CRL-12203) was cultured in DMEM (Lonza). All media were supplemented with 10 % SBF and 5 % chicken serum. Chicken embryo fibroblasts (CEFs) were prepared for propagation of the RB-1B virus strain as previously described (Coupeau et al., 2012) . Table S1 . RACE-PCR products were inserted into pGEM ® -T Easy (Promega) and sequenced by GATC Biotech.
Reverse transcription was carried out with oligo(dT) and random primers (50 pmol each; Eurogentec) and SuperScript III reverse transcriptase (Invitrogen). The resulting cDNAs were amplified by PCR, in standard conditions, with GoTaq polymerase (Promega) and the primers in Table S1 . For quantification, a housekeeping gene, GAPDH, was used for normalization. Signal intensities relative to GAPDH were determined with Adobe Photoshop 6 software and standardized to CEF infected values. Student's t-test was used for statistical analysis.
Immunodetection. Immunofluorescence analyses were carried out as previously described (Strassheim et al., 2012 ) with a-SR (16H3) (Life Technologies) rabbit polyclonal anti-a-ICP27 antibodies (Amor et al., 2011) , guinea pig polyclonal anti-a-ICP27 1-10 antibodies produced by Eurogentec against peptides MSVDAFSRESDDMMS.
Plasmid construction. pcICP27 was produced in a previous study (Amor et al., 2011) . ICP27DN was amplified by overlapping PCR with primers A504 and A443 on two PCR products amplified with the A504/ A377 primers and A505/A443 primers from a 5¢-RACE PCR pGEM clone of ICP27 and from pcICP27, respectively (Table S1 ). The resulting amplicon was subcloned in the pGEM-T Easy vector (Promega), digested with restriction enzymes and inserted into the pcDNA3 expression vector to produced pcICP27DN.
For the pGL3 luciferase reporter constructions, all the putative promoter sequences were amplified with the primer pairs described in Table S1 and inserted into the pGL3-Basic vector (Promega) as previously described (Stik et al., 2010) . All constructs were sequenced by GATC Biotech.
Dual luciferase reporter assays. Assays were carried out as previously described (Coupeau et al., 2012) . Luciferase activity was quantified with the Dual-Luciferase Reporter Assay System (Promega), according to the manufacturer's protocol. For the standardization of inter-and intra-assay luciferase activity, we systematically used the control vector pCDNA-MLuc, from which the firefly luciferase gene is expressed under the control of the CMV promoter. Firefly and Renilla luciferase activities were measured consecutively 24 h after transfection. Luminescence was measured with a luminometer (TriStar 2 luminometer, Berthold Technologies). Three independent experiments were carried out in triplicate. Student's t-test was used for statistical analysis.
DNA isolation, bisulfite treatment and PCR. DNA was isolated with the DNeasy Blood & Tissue Kit (Qiagen). BS treatment was performed with the EZ DNA Methylation-Gold kit (Zymo Research), which converts unmethylated cytosine to uracil residues, which are then converted into thymidine residues during PCR. Nested PCR was then performed with the primers in Table S1 , with the Epimark Hot-Start Taq DNA polymerase (New England Biolabs). Amplicons were inserted into the pGEM-T easy vector (Promega) and the DNA insert was sequenced.
Sequence analysis software. The Matinspector module of Genomatix software was used to search for response elements (REs) in promoter sequences. Geneious or Chromas and A plasmid Editor (ApE) software were used to analyse DNA sequences.
